Trans-free mango kernel fat stearins and oleins were produced by threestage acetone fractionation to achieve the sufficient utilization of fat. Fatty acid and triacylglycerol compositions, slip melting points, iodine values, micronutrient (tocopherol, sterol, and squalene) levels, as well as oxidative stability indexes of the fractions were analyzed to evaluate their qualities. The most abundant fatty acids in the stearins were saturated fatty acids (57.3-65.1%, mainly including palmitic, stearic, and arachidic acids), and the major triacylglycerols were symmetrical monounsaturated types (78.3-93.7%). The unique properties make the stearins show highest slip melting points 34.7-38.3°C and oxidative stability indexes (12.0-14.2 h), and very suitable for the manufacturing of hard chocolate fats. The oleins contained high percentages of monounsaturated (48.3-53.7%) and polyunsaturated fatty acids (7.8-8.5%). Their oxidative stability indexes (6.3-6.7 h) were lower than the stearins but higher than common commercial oils. About 85.2% of tocopherol, 99.2% of sterol, and 79.2% of squalene were transferred to the liquids after fractionation, which could improve their antioxidant abilities. Further multiple linear regression analyses between oxidative stability indexes and fat compositions revealed that polyunsaturated fatty acid and sterol were the main factors that affect the oxidative stabilities of the fractions. The results suggested that the moderated refining techniques should be developed to retain more sterol to improve the oxidative stabilities and nutritive values of the fats.
Introduction
Mango kernel fat (MKF) is extracted from the kernels of Mango (Mangifera indica, Linn), the second largest tropical fruit belonging to the family of Anacardiaceae. [1] The fat has attracted considerable interests nowadays for its biological activities and qualities as a natural food, which were benefited from its heterogenous composition (40.7-69.0% of unsaturated fatty acids, 29.7-61.0% of saturated fatty acids (SFAs), and 4082-8942 of mg kg -1 micronutrients). [1] [2] [3] In particular, the high content of symmetrical monounsaturated triacylglycerols (SUS-TAGs, 52.2-81.5%) makes MKF very suitable for the manufacturing of chocolate products. [3, 4] Furthermore, there have been no studies showing that MKF contains any toxic or allergenic compounds. [5] Recent research showed that MKF could exhibit remarkable antioxidant and antimicrobial activities in some food systems, for example, sunflower oil, potato chips, and pasteurized cow milk. [6] Thus, it makes the fat very suitable to mix with other vegetable oils or food ingredients to prepare for food ingredients, especially the confectionary products. [7, 8] For the past few years, chocolate fats were produced by blending of MKF with some vegetable fats, for example, palm mid-fractions, palm stearins, and mahua fats. [9] [10] [11] However, the thermal properties, crystallographic forms, and microstructures of the mixed fats might be quite different from those of cocoa butter due to the presence of triunsaturated and diunsaturated triacylglycerols (UUU-TAGs and SUU-TAGs). [3, [11] [12] [13] In addition, a high diacylglycerol content (2.7-5.8%) in MKF would also give chocolate its undesirable physical properties. [3, 14, 15] Thus, it is important to fractionate the fat to obtain the SUS-TAG-rich fraction, while the other fraction was enriched in SUUand UUU-TAGs. The latter is usually an ideal source for producing cooking oils, frying fats, and hard structured lipids by further blending or interesterification. [16, 17] In this regard, comparably with palm oil, the composition makes MKF very suitable for being separated into various fats and oils characterized as different physicochemical properties by fractionation. [18, 19] But only the stearin, which is obtained from one-stage fractionation, has achieved industrialized production and application. [20] Although the fractions produced from multi-stage crystallization are usually considered high-quality products due to their more unique components, the characteristics and usages of them have seldom been studied. In particular, there is very little information about the oxidative/ antioxidative properties of the fractions to the best of our knowledge, while oxidative stability has been recognized as the key characteristic, which directly influences the shelf life of the lipidcontaining foods.
Recent studies have reported that the oxidative stabilities of edible lipids depend primarily on the fatty acids incorporated in the triacylglycerol molecules (the predominant form in lipids). [14] Double bonds presented in the fatty acids are the predominant factors of the oxidation of fats and oils, as they can act as free radical acceptors. [14, 21] Oxidative molecules, for example, hydroperoxides, ketones, alkanes, aldehydes, and alcohols, etc., are produced from the oxidation, which have a negative influence on body health. [14] Some minor components which belong to the unsaponifiable matters in fats and oils (<20,000 mg kg -1 ) have received considerable attention due to their excellent antioxidant activities. Most of these minor components are called micronutrients, which are industrially important compounds due to their nutritional and pharmaceutical values. Tocopherol, sterol, and squalene are perhaps the most common micronutrients which are vital to stabilize the double bonds of fatty acids against oxidative deterioration. [14] However, their dominant forms depend on various types of fats and oils. As an example, soybean oil and palm oil contain mainly γ-tocopherol with decreasing amounts of other tocopherols, whereas sunflower oil contains mainly α-tocopherol and very small amounts of other isomers. [22] The antioxidant activities of αand γ-tocopherols decrease in the order of α > γ in both vivo and bulk oils, resulting in different antioxidative behaviors in related lipid systems. [14] Furthermore, α-tocopherol could act as an antioxidant or pro-oxidant depending on its concentration. [21] In addition to the differences in the activities of individual antioxidants, a synergistic or antergic effect will be shown when the micronutrients are mixed together. The antioxidative activity of individual antioxidant will be increased or decreased in different kinds of lipids. For instance, squalene exhibited an antioxidative activity in the mixture with α-tocopherol and β-sitosterol, but no significant effect was tested for squalene alone. [23] Ceci et al. [24] suggested that polyphenol content was more effective to prevent the olive oil from oxidation than carotenes, β-tocopherol, and other compounds. The major unsaponifiables presented in MKF are also tocopherol, sterol, and squalene. [5] But their content changes during the fat fractionation, and antioxidant capacities in the fractions are not clear yet, which limits their application in the foods.
In this work, the fatty acids (including the trans-isomers) and micronutrient levels of the fractions separated from MKF by three-stage fractionation were evaluated, and their relations between oxidative stability index (OSI) and compositions were analyzed to explore the oxidative and antioxidative properties for the mango fats.
Materials and methods

Materials
Mango seeds were provided by local mango processing factory in Guangxi Province, and were cut open to obtain kernels. Crude MKF was extracted from the kernels as Sonwai et al. [11] described, and then refined (free fatty acid, 0.6 %; hydroperoxides, 0.52 mmol kg -1 ) as our previous method. [3] The fat was kept refrigerated at 4°C prior to fractionation and analysis.
Standard 37 fatty acid methyl esters, tocopherols (α-, β-, γ-, and δ-isomers, purity >95%), and 5αcholestane were purchased from Sigma-Aldrich Chemical Co. Ltd. (Shanghai, China). Triacylglycerol standards, StOSt, StOO, and OOO (St, stearic; O, oleic), were obtained from Larodan Fine Chemicals AB (Malmö, Sweden). Other reagents and solvents were bought from Sinopharm Chemical Regent (Shanghai, China).
Mango kernel fat fraction preparation
The fractionation including three-stage processes ( Fig. 1 ) was conducted in a laboratory fractionation crystallization unit with a capacity of 1000 mL. One hundred grams of MKF was melted uniformly at 65°C to remove any previous crystal memories and then mixed with acetone in a 1:5 (w:v) ratio. The first process was done at 13°C for 100 min to collect the first stearin (S-I) and olein (O-I). The fractions were separated by vacuum filtration, and acetone remaining in them was removed by a rotavapor under vacuum. Then, S-I was maintained at 15°C for 180 min to produce the second stearin (S-II) and olein (O-II), and S-II was further separated at 18°C for 180 min to obtain the third stearin (S-III) and olein (O-III). Both of the processes were carried out in the same manner as the first fractionation. The fractionation was carried out in duplicate. Fatty acid (FA) Figure 1 . Mango kernel fat stearins and oleins produced by three-stage acetone fractionation.
compositions, micronutrient levels, and OSIs of the fractions were analyzed, and the yields of them with respect to the initial weight were calculated.
Determination of fatty acid composition
Fat/oil of 50 mg was dissolved in 2.0 mL hexane and methyl esterified by adding 0.5 mL 2 mol L -1 KOH-CH 3 OH to prepare fatty acid methyl esters. The separation was performed on a trace TR-FAME capillary column (0.25 µm, 60 m × 0.25 mm, Thermo Fisher, USA) installed in a gas chromatograph (7820A, Agilent, USA). The analysis conditions were: nitrogen (carrier gas), 1 mL min -1 ; split ratio, 1:100; flame ionization detector (FID) and injector temperature, 250°C; oven temperature, 60°C (3 min)−175°C (5°C min -1 , 15 min)−220°C (2°C min -1 , 10 min); injection volume, 1.0 µL. Fatty acids were identified by comparing the retention times with those of standards, and their levels were reported in terms of the relative proportions.
Determination of triacylglycerol composition
Triacylglycerol composition of each fat/oil sample was determined based on the AOCS Official Method Ce 5c-93 using a high-performance liquid chromatograph (Agilent 1200) system. [25] Triacylglycerols were separated on two LiChroCART 18e columns (5 µm, 4.6 × 250 mm each; Merck KGaA, Germany) and detected by a refractive index detector. The operating conditions were: mobile phase, acetone/acetonitrile (75:25, v:v); flow rate, 1.0 mL min -1 ; sample concentration, 30 mg mL -1 ; injection volume, 20 µL. Triacylglycerol groups, SUS, SUU, and UUU, were identified by comparing the retention times with that of relative standards and soybean oil of known triacylglycerol composition. Contents were reported in terms of the relative proportions.
Determinations of slip melting point and iodine value
Slip melting point (SMP) and iodine value (IV) were detected as the AOCS Official Method Cc 1-25 and Cd 1-25, respectively. [25] Determination of tocopherol Tocopherols were separated on a silica column (5 µm, 4.6 × 250 mm, Hanbon, China) mounted in a high-performance liquid chromatograph (LC-20AT, Shimadzu, Japan) and detected by an ultraviolet detector (SPD-20A, Shimadzu, Japan) according to our pervious method. [26] Conditions of analysis were: mobile phase, hexane/isopropanol (98.5:1.5, v:v); rate, 1.0 mL min -1 ; detection wavelength, 295 nm; column temperature, 30°C; sample concentration, 100 mg mL -1 ; injection volume, 20 µL. Tocopherol isomers were identified and quantified by comparing the standards, and the contents were reported in milligrams per kilogram.
Determination of sterol and squalene
Sterol and squalene were detected by a gas chromatograph-mass spectrum system (Thermo Fisher) equipped with an FID as described by Li et al. [27] Two hundred milligrams of the fat/oil together with 0.2 mL of 0.825 mg mL -1 5α-cholestane was saponified using 2 mL of 2 mol L -1 KOH-CH 3 CH 2 OH solution. The mixture was then heated at 85°C for 1 h and cooled to room temperature, and 5 mL of hexane followed by 2 mL of distilled water were added to extract the unsaponifiables three times. The extract was dried by nitrogen and silylated with 400 µL BSTFA + TMCS at 70°C for 30 min, and finally dissolved by 1 mL hexane. The analysis was performed by a gas chromatographmass spectrum system (Thermo Fisher) equipped with an FID and a DB-5 capillary column (0.25 µm, 30 m × 0.25 mm, Agilent). Gas chromatograph conditions were: helium (carrier gas), 1 mL min -1 ; split ratio, 1:100; FID and injector temperature, 290°C; oven temperature = 200°C (1 min)−300°C (1°C min -1 , 18 min); injection volume, 1.0 µL. Mass spectrum conditions were: source temperature, 280°C; transmission line temperature, 250°C; ionization mode, EI; mass range (m/z), 50-500. The internal standard, 5α-cholestane, was used to quantify the contents of sterol and squalene (mg kg -1 ).
Determination of oxidative stability index
OSI was detected by a Metrohm Rancimat model 743 (Herisau, Switzerland) according to the AOCS Cd 12b-92 method. [25] Fat/oil (3 g) was heated at 120°C, and 20 L h -1 of the cleaned and dried air was bubbled into the hot sample. Effluent air containing volatile organic acids from the sample was collected in a measuring vessel containing 50 mL of distilled water. The conductivity of the water was measured automatically as oxidation proceeded, and the result was recorded in hours (h).
Statistical analysis
All determinations were carried out in triplicates, and were reported as mean ± standard deviation. The results were analyzed by analysis of variance (ANOVA) and an LSD test at 95% confidence interval using the SPSS program, version 19.0. The correlations between OSI and FA composition, tocopherol, sterol, and squalene were calculated by multiple linear regression analysis using a stepwise method. The use probability of F values p-to-enter and p-to-remove new variables into statistical model were p < 0.05 and p > 0.10, respectively.
Results and discussion
Chemical compositions and physical properties of the fractions
The FA compositions of MKF and its fractions are given in Table 1 . The major FAs found in MKF were stearic (C18:0, 41.9%) and oleic (C18:1, 42.6%) acids, also the fat contained appreciable quantities of palmitic (C16:0, 6.0%), linolenic (C18:2, 4.5%), and arachidic (C20:0, 2.2%) acids. Jahurul et al. [28] also concluded that stearic and oleic acids are the dominant fatty acids in MKF extracted from Manila, Kaew, Kenya, and Malaysia mango varieties. SFAs (palmitic acid, 62.9°C; stearic acid, 70.1°C) usually have higher melting points than unsaturated ones (oleic acid, 16.3°C; linolenic acid, -5.0°C), which would result in the SFAs gradually precipitate from the oleins by the effect of low-temperature crystallization. [14] Specifically, S-I, S-II, and S-III contained significantly higher levels of SFAs (57.3-65.1%) and were solid at room temperature (SMPs, 34.7, 36.3, and 38.3°C
, respectively), whereas the oliens with more monounsaturated fatty acids (MUFAs, 8.3-53.7%) and polyunsaturated fatty acids (PUFAs, 7.8-8.5%) were melted completely as the temperature increased to 20°C (SMPs for the O-I, O-II, and O-III were 10.4, 14.9, and 19.3°C, respectively). In addition, almost no trans-fatty acids were observed (<0.1%) among the samples. The trans-isomers are known to increase low-density lipoprotein cholesterol and decrease high-density lipoprotein cholesterol, which might lead to coronary heart disease. [29] The values detected in the MKF fractions were within the maximum limit of 2% determined in the edible oils market surveys conducted in China and India. [30, 31] Some structural fats and oils containing 0.2-0.5% of trans-isomers were considered as the trans-free lipids. [32, 33] Strictly speaking, products containing 2 g trans-fatty acids per 100 g serving may be declared as "zero" or "trans-fat free." [34] Thus, it was presumed that the prepared MKF fractions were also known as trans-free fats. Table 1 also shows the triacylglycerol compositions of the samples. The major type found in MKF was SUS-TAG (63.1%), which has already been confirmed by many researchers. [3, 28] Related studies have reported that blending of SUS-TAG (especially StOSt) fats into chocolate products can increase the hardness and inhibit the fat bloom. [20, 35] Therefore, higher SUS-TAG content is of interest to the Table 1 . Chemical compositions (fatty acids, triacylglycerols) and physical properties (iodine values and slip melting points) of mango kernel fat and its fractions. confectioners, and such ideal products are usually produced by fractionation. Similarly with the changes of FA compositions, SUS-TAG levels increased in the stearins through the separation process (S-I, 78.3%; S-II, 87.2%; and S-III, 93.7%), while triacylglycerols with more unsaturated FAs (SUU-and UUU-TAGs) were transferred into the oleins. The oleins showed triacylglycerol compositions similar to the palm olein or super palm oil, indicating they were appropriate to prepare frying fats, cooking oils, and filler fats. [16] They also could be used to produce chocolate fats by interesterification with palmitic or/and stearic acids. [17] IV reflects the unsaturation of lipids. MKF showed a value of 50.0 g/100 g (Table 1 ), which fell within the range of 40.9-60.7 g/100 g and was similar to that of palm oil (50.4-53.7 g/100 g). [16, 20, 35] Palm oil is widely used in the forms of various fractions, thus the property also indicates that MKF has the potential fractional value. IVs decreased in the stearins while increased in the oleins. The changes were also in agreement with that of FAs. The unique compositions and trans-free properties showed that the fractions could be widely used as cocoa butter equivalent, margarine, shortening, frying fat, cooking oil, and other lipid-containing food ingredients. [5] In particular, the stearins are the high added value alternatives to the trans-containing fats produced by hydrogenation.
Micronutrient levels
Contents of tocopherol, sterol, and squalene of the studied samples are shown in Table 2 . MKF contained 259 mg kg -1 of tocopherol and was mostly dominated by α-tocopherol (256 mg kg -1 ). Previous research revealed that α-tocopherol occurs primarily (>65%) in most of MKFs. [3] The fractionation of MKF helped to enrich tocopherol in O-I (588 mg kg -1 ), and left 149 mg kg -1 in S-I. Further process showed that 428 mg kg -1 of tocopherol was distributed in O-II, and only 53.8 mg kg -1 was distributed in S-II. Similar trend was also observed for the third separation, the tocopherol level for O-III was 153 mg kg -1 , whereas for S-III 53 was mg kg -1 . Most of the total tocopherol (85.2%) was transferred to the liquid fractions after the three-stage process. Alim et al. [36] also found that the olein contained higher amounts of tocopherol (504 mg kg -1 ) than the stearin (199 mg kg -1 ). The high solubility of tocopherol in liquids as compared with solids might be responsible for the changes. [37] Sterol makes up 72.4% (1895 mg kg -1 ) of the micronutrients in MKF. β-Sitosterol is the most abundant sterol with the content of 1195 mg kg -1 , followed by stigmasterol (430 mg kg -1 ), campesterol (139 mg kg -1 ), lupeol (69 mg kg -1 ), and 24-methylenecycloartanol (61 mg kg -1 ). The levels also showed significant decreases from S-I (1379 mg kg -1 ) to S-III (308 mg kg -1 ) based on fractionation, but no significant differences were observed among liquid fractions (3953-4039 mg kg -1 ). The contents in the oleins accounted for 99.2% of the total sterol, indicating that sterol might have a better solubility in liquid fractions than tocopherol. Similarly, most of the sterol (1290.4 mg kg -1 ) was accumulated in the stearin produced from two-stage fractionation of palm oil, while only 115.4 mg kg -1 was detected in the olein. [38] Sterol occurs in fats and oils in esterified form in relative levels that are dependent on the lipid. [14] MKF consists of 33.3-62.5% of esterified sterol in terms of the total sterol content, the solubility of the esterified one in the oil is extremely high compared with that of free type. [39, 40] In addition, a study with respect to rapeseed oil fractionation showed that 80% of the free sterols were enriched in the liquid fraction. [41] In this regard, both of the two types exhibited high solubilities in the liquid lipids.
Squalene is usually present in shark liver oil and olive oil (410-730 and 1500-7000 mg kg -1 , respectively), and is also found in less amounts (<300 mg kg -1 ) in common vegetable lipids. [14] As shown in Table 2 , MKF is an ideal squalene-source food ingredient, as the content was as high as 388 mg kg -1 . The distribution of squalene during the fractionation was similar to sterol. About 79.2% of the squalene was enriched in the oleins, the highest levels were observed in O-I, O-II, and O-III, reaching 605-682 mg kg -1 . The enrichment pattern of squalene in the fractions was in agreement with that of tocopherol and sterol and related study. [38] 
Characteristics of oxidative stabilities
OSI is a significant parameter for evaluating the shelf life of lipids. The values of MKF, its fractions, and some commercial oils detected at 120°C are shown in Table 3 . OSIs of the stearins (12.0-14.2 h) were significantly higher than those of the oleins (6.3-6.7 h). Although the values in the oleins are nearly half than those in the stearins, they were significantly higher than that in common edible oils (peanut, canola, corn, soybean, and sunflower oils, 3.1-5.0 h). Further multiple linear regression analysis between OSI and FA compositions revealed that PUFA was the most significant independent variable (R = 0.878; p < 0.05) ( Table 4 ), suggesting that higher PUFA contents would more easily lead to oxidation. The oxidative stabilities of the oleins greatly decrease with the increasing of PUFA from 5.1% to 7.8%-8.5%. There is no doubt that almost all of PUFA-rich lipids have a low resistance to oxidative deterioration. [6] But the issue for MUFA is different. In spite of high MUFA contents (33.0%-53.7%) were found in the fractions, they showed no significant relationships with the OSIs. Virgin olive oil even has a high oxidation stability due to its high oleic acid level. [42] For some other oils and fats (e.g., canola oil, shea fat, cocoa butter equivalent, and medium chain triacylglycerols), MUFA and PUFA together demonstrated strong correlations with oxidative stabilities. [43, 44] The differences might be affected by the micronutrient species and concentrations present in the lipids except the FA compositions.
When micronutrients were fitted into the OSI model, the best highly significant variable(s) was sterol for the stearins (R = 0.957; p < 0.05) and were sterol and tocopherol for the oliens (R = 0.984; p < 0.05) ( Table 5 ). Therefore, sterol could be the main factor that affected the oxidative stabilities in both solid and liquid fractions. Not only the number and location of the double bond in the sterol skeleton but also the presence of an ethylidene group in the sterol side chain could provide the lipid with anti-polymerization. [45, 46] Winkler et al. [47] also found that phytosterols will have an impact on the oxidative stability of oils. Of which, β-sitosterol is the primary sterol present in the MKF, and its fractions are as shown in Table 2 . Higher synergism in the antioxidative between β-sitosterol and certain lipid systems was also confirmed by Hidalgo et al. [48] However, sterol is easy to be washed with the soap stock generated from the neutralization process, and a significant reduction will also be caused by deodorization. [14, 49] Crude MKF extracted from hexane contained high levels of free fatty acids (2.52-6.61%). [3] It is necessary to remove them by refining, which would cause a loss of sterol to some extent. Therefore, moderate refining techniques should be developed to retain more sterol. Common fully refined oils. [43] As proposed, degumming is carried out as the first step to reduce the phosphorus content to less than 5 mg kg -1 , the value meets the requirement for physical refining; [50] the fat was then deacidified by steam refining or molecular distillation to remove the free fatty acids; and other residual impurities, for example, metals, pigments,and polyaromatic hydrocarbons, could be adsorbed by small amounts of clays (usually <1% of the fat weight); the refined fat will be obtained with light yellow color and mango flavor.
Conclusion
MKF fractions produced from three-stage acetone fractionation were proved valuable as food ingredients because of their trans-free properties, unique compositions, and high oxidative stabilities. The stearins with rich SFAs showed high contents of SUS-TAGs (78.3-93.7%) and high SMP values (34.7-38.3°C), indicating the fats are the ideal hard chocolate fat sources. The SFA-rich properties also make the stearins more stable (OSIs, 12.0-14.2 h). The oleins were characteristic of MUFAs and PUFAs, but their oxidative stabilities (6.3-6.7 h) were still higher than most commercial oils. Micronutrients (tocopherol, sterol, and squalene), which could prevent the oils from oxidation, were accumulated in the oleins during the fractionation due to their high solubilities in the liquids. Especially, sterol is the most significant factor to prevent the MKF from oxidation according to the correlation analyses between OSIs and micronutrients compositions, suggesting that refining techniques of alkali refining and deodorization which might cause the massive loss of sterol should be moderated.
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